Introduction {#Sec1}
============

Over the past two decades, interest in finding new sources of renewable energy has stimulated efforts to identify microalgae capable of generating large amounts of biofuel. The hydrocarbon oils of *Botryococcus braunii* (Chlorophyta, Trebouxiophyceae) are one of the most useful renewable sources of fossil fuel substitutes (Komárek and Marvan [@CR8]; Sawayama et al. [@CR20]; Banerjee et al. [@CR1]; Kita et al. [@CR7]). This cosmopolitan freshwater to brackish-water green alga is classified into three biochemical races: A, B, and L, according to the types of primal hydrocarbon oils they produce (Metzger and Casadevall [@CR14]).

To accomplish the mass production of hydrocarbons at a reasonable price, application of molecular biological techniques for *B*. *braunii* are essential. However, accumulated hydrocarbon oils in the extracellular matrix hamper the biolistic transformation and selection of drug-resistant mutants. DNA fragments, which are noncovalently attached on the surface of biolistic bombardment particles, may get detached in the secreted oils before their delivery into the cell. Extracellular oils also prevent the access of enzymes added for cell wall digestion to prepare protoplasts for cell fusion. Single cells that are free of the oils would be extremely useful for genetic manipulation of this alga.

Before this study, successful isolation of single cells of *B*. *braunii* had been reported by the addition of glycerol (chemical race not mentioned) as a short proceeding of an annual meeting in Japan (Ikehara et al. [@CR6]). However, the detailed methodology and the characteristics of the prepared cells were not described. With this background, we searched for reagents useful in the efficient release of single cells from *B*. *braunii* colonies, and analyzed the physical characteristics of the isolated single cells. This study was mainly performed using a B-race variety known as Showa. For comparative study, we used another B-race variety, Sanshiro-5, and two A-race varieties, UTEX 572 and Yamanaka (Okada et al. [@CR16]).

Materials and methods {#Sec2}
=====================

Strains and culture of *B*. *braunii* {#Sec3}
-------------------------------------

Two A-race varieties, UTEX 572 (The Culture Collection of Algae, University of Texas at Austin) and Yamanaka (Okada et al. [@CR16]), and two B-race varieties, Showa (University of California Berkeley Herbarium, accession no. UC 147504) (Nonomura [@CR15]) and Sanshiro-5 (Okada et al. [@CR16]), were used for comparative study. "modified Chu 13 medium" (Grung et al. [@CR5]) was used to culture the two B-race varieties and the Yamanaka variety of A-race. The A-race variety UTEX 572 was cultured in "modified Chu 10 medium" (Bold and Wynne [@CR3]). Conical Fernbach flasks capped with Styrofoam stoppers were used for liquid culture. They were maintained in an acrylic resin chamber filled with an approximately 0.8 % air--CO~2~ mixture at 25 °C under continuous white fluorescent illumination (50 μmol photons m^−2^ s^−1^) without shaking.

Chemical reagents tested for the preparation of single cells {#Sec4}
------------------------------------------------------------

In total, we tested 18 reagents for their potency in releasing single cells: acetone (012-00343; Wako, Osaka, Japan), 2,3-butanediol (022-03242; Wako), diglycerol (627-82-7; TCI, Tokyo, Japan), dimethyl sulfoxide (043-07216; Wako), erythritol (056-00242; Wako), ethylene glycol (058-03965; Wako), glucose (041-00595; Wako), glycerol (072-00621; Wako), glycerol ethoxylate-*co*-propoxylate triol (51258-15-2; Sigma-Aldrich Japan, Tokyo, Japan), glyceryl guaiacolate (93-14-1; Alfa Aesar, London, UK), mannitol (130-00855; Wako), *n*-hexane (085-00416; Wako), pentaerythritol (169-00585; Wako), sorbitol (098-03755; Wako), sucrose (196-00015; Wako), triglycerol (20411-31-8; Aldrich), Tween 20 (103168; ICN, California, USA), and xylitol (87-99-0; Sigma-Aldrich Japan). Each reagent, except acetone, mannitol, *n*-hexane, pentaerythritol, glyceryl guaiacolate, and Tween 20, was dissolved in modified Chu 13 medium to obtain a final concentration of 3.43 M; this is approximately equivalent to the concentration of 25 % (v/v) glycerol. Tween 20 was dissolved in modified Chu 13 medium at a concentration of 25 % (v/v). Saturated solutions of mannitol, pentaerythritol, and glyceryl guaiacolate were prepared because the solubility of these compounds is lower than 3.43 M. Absolute acetone and *n*-hexane were also used for single cell isolation.

Release of single cells {#Sec5}
-----------------------

Experimental phase colonies were collected from 40 ml of culture by filtration using a 5-μm nylon mesh. Colonies on the mesh were suspended in 10 ml of the appropriate medium (i.e., Chu 13 or Chu 10 containing a specific reagent). Microscopic observation was conducted to estimate the ratio of single cells released from the colonies.

After treatment with a specific chemical reagent, released single cells and colonies were separated using a 5-μm nylon mesh: single cells passed through this mesh, while colonies were trapped. Single cells in the filtrate were precipitated by centrifugation (1,000 × *g* for 5 min), and the cell pellet was suspended in 10 ml of Chu 13 (or Chu 10) and re-centrifuged to remove residual chemical reagents. Finally, precipitated single cells were suspended in an appropriate volume of medium to test their viability.

For small-scale preparation of single cells, released single cells were filtered through a 0.45-μm pore membrane filter, single cells in the membrane were washed three times with 10 ml of modified Chu 13 (or Chu 10) medium, and suspended in an appropriate volume of medium.

Measurement of ratio of chlorophyll-containing single cells to those without chlorophyll {#Sec6}
----------------------------------------------------------------------------------------

We prepared single cells from experimental phase colonies using a 3.43 M glycerol treatment for 15 min, and analyzed the effect of cell concentration on vitality through measuring the ratio of chlorophyll-containing single cells on day 6 after establishing single-cell culture. Through microscopic observation, we distinguished the chlorophyll-containing cells from those without chlorophyll, and counted both types of cells using a hemacytometer. Moreover, the relationship between the ratio of single cells released and the concentration of chemical reagents was analyzed for glycerol, erythritol, glyceryl guaiacolate, xylitol, sorbitol, glucose, mannitol, and sucrose by incubating the isolated single cells in medium containing various concentrations (0.86, 1.72, and 3.4 M) of these reagents.

Preparation of crude hydrocarbons {#Sec7}
---------------------------------

Colonies of Showa (B-race) were harvested from 3-l cultures by filtration using 5-μm nylon mesh; each collected sample was then freeze-dried and weighed. Freeze-dried algal cells were extracted with acetone by sonication, and these were centrifuged at 1,000 × *g* at room temperature for 5 min. We followed the methods described by Okada et al. ([@CR17], [@CR18]) and Tonegawa et al. ([@CR24]) to extract and purify the hydrocarbon oils.

Fluorescence observations {#Sec8}
-------------------------

We stained hydrocarbons by adding 10 μl of Nile red (Sigma-Aldrich Japan) stock solution (500 μg/ml in ethanol) to 1 ml of the sample. We observed fluorescence within 30 min using an Olympus IX70 microscope equipped with an Olympus U-MWU2 filter unit.

To visualize cell walls, we added 10 μl of Fluorescent Brightener 28 (Sigma-Aldrich Japan) (1 mg/ml in water) to 1 ml of isolated single cell suspension. We observed fluorescence after 15 min using an Olympus IX70 microscope equipped with a U-MWU2 filter unit.

Results {#Sec9}
=======

Effective chemical reagents for single cell release {#Sec10}
---------------------------------------------------

The potency of each reagent for releasing single cells was evaluated by microscopic observation at 15 min after chemical treatment. Colonies prepared from exponential phase culture consistently produced about 30 % more single cells than those from stationary phase culture across all potent reagents, irrespective of differences between races or varieties. Release of single cells began at the edges of the colonies (Fig. [1](#Fig1){ref-type="fig"}; Online Resources 1 and 2), and the release of single cells slowed gradually to a halt after 30 min in the potent reagents. Results of the chemical treatments are summarized in Table [1](#Tab1){ref-type="table"}. In Showa (B-race) and Sanshiro-5 (B-race), glycerol and erythritol showed the highest potency among the 18 reagents tested. These two reagents released as much as 30--50 % of the cells in Showa and Sanshiro-5 colonies within 15 min, while it was limited to 10--20 % in Yamanaka (A-race). Glyceryl guaiacolate was also very efficient reagent in the preparation of single cells for Showa (B-race) and Sanshiro-5 (B-race), whereas it was not effective for Yamanaka (A-race). Unfortunately, this reagent was apparently harmful because colonies suspended in the medium changed color from green to brown in 1 h. The ratio of single cells reached 20--30 % in treatments using sorbitol or xylitol for Showa (B-race) (Table [1](#Tab1){ref-type="table"}). Glucose and mannitol treatments produced 10--20 % Showa single cells (B-race), while these reagents released almost no single cells in Sansiro-5 (B-race) and Yamanaka (A-race). Treatment with sucrose generated very few Showa single cells, while it released no single cells in Sanshiro-5 (B-race) and Yamanaka (A-race).Fig. 1Process of single cell release following glycerol treatment. **a** One minute after the addition of 3.43 M glycerol to a colony of *B*. *braunii* in an exponentially growing culture. **b** Ten minutes after the addition of glycerol. **c** Fifty minutes after the addition of glycerolTable 1Comparison of released single cell ratios by chemical reagent treatments for *Botryococcus braunii* varietiesReagentsGlycerol (25 %) \~3.43 mol/lErythritol \~3.43 mol/lAcetone (absolute)Glyceryl guaiacolate \~0.25 mol/lSorbitol \~3.43 mol/lXylitol \~3.43 mol/lGlucose \~3.43 mol/lMannitol \~1.0 mol/l*n*-Hexane (absolute)Potency for releasing single cellsShowa (B-race)+++++++++++++++++++++++++++++Sanshiro-5 (B-race)++++++++++++++++++/−+/−−Yamanaka (A-race)+++++++−−−−−−ReagentsSucrose \~3.43 mol/l2,3-Butanediol \~3.43 mol/lDiglycerol \~3.43 mol/lDimethyl sulfoxide \~3.43 mol/lEthylene glycol \~3.43 mol/lGlycerol ethoxylate-*co*-propoxylate triol \~3.43 mol/lPentaerythritol \~0.4 mol/lTriglycerol \~3.43 mol/lTween 20 (25 %) \~0.2 mol/lPotency for releasing single cellsShowa (B-race)+−−−−−−−−Sanshiro-5 (B-race)−−−−−−−N/AN/AYamanaka (A-race)−−−−−−−−−−: no release of single cell; +/−: very limited number of single cells, less than 1 %; +: 1--10 %; ++: 10--20 %; +++: 20--30 %; ++++: 30--40 %; +++++: 40--50 %; *N*/*A* not applied

Because acetone is an efficient solvent for extracting botryococcene (Okada et al. [@CR17], [@CR18]; Tonegawa et al. [@CR24]), we tested its potency for releasing single cells. Acetone showed high potency for releasing single cells from Showa (B-race), Sanshiro-5 (B-race), and Yamanaka (A-race), but not from UTEX 572 (A-race). The single cell ratio reached 20--40 % with absolute acetone treatment. However, acetone treatment disrupted almost all single cells released within 15 min, regardless of the race. Therefore, irrespective of their high potency for releasing single cells, glyceryl guaiacolate and acetone are not optimal reagents for preparing vital single cells. *n*-Hexane, another solvent tested, released only 2--3 % single cells from Showa (Table [1](#Tab1){ref-type="table"}), but the single cells were not disrupted immediately.

For reagents identified as potent, we confirmed that there was a clear positive relationship between the reagent concentration and ratio of single cells released using Showa (Table [2](#Tab2){ref-type="table"}). Whereas the single cell release ratio significantly decreased when the reagent concentration reduced to one half of the tested concentration, almost all reagents lost single cell release potential when one fourth of the test concentration was applied.Table 2Relationship between the concentration of reagents and the single cell releasing potencyConcentration of reagentGlycerolErythritolGlyceryl guaiacolateXylitolSorbitolGlucoseMannitolSucrose0.86 M+--^\*^--------^§^--1.72 M++++++^\*\*^++++--^§§^--3.43 M++++++++++++++^\*\*\*^++++++++++^§§§^+−: no release of single cell; +: 0--10 %; ++: 10--20 %; +++: 20--30 %; ++++: 30--40 %; +++++: 40--50 %;^\*^0.0625 M, ^\*\*^0.125 M, ^\*\*\*^0.25 M (see text); ^§^0.25 M, ^§§^0.5 M, ^§§§^1.0 M (see text)

Characteristics of the reagents that showed potential to release single cells {#Sec11}
-----------------------------------------------------------------------------

In this study, we tested reagents for potency in the preparation of large quantities of single cells from colonial *B*. *braunii*, considering that glycerol had already been reported to be a potent reagent (Ikehara et al. [@CR6]). Glycerol is a polyalcohol; we therefore tested hydroxyl group (−OH)-containing reagents (the number of --OH groups are shown in brackets below): ethylene glycol (2), 2,3-butanediol (2), glyceryl guaiacolate (2), diglycerol (4), *meso*-erythritol (4), pentaerythritol (4), xylitol (5), and triglycerol (5) (see Online Resource 3 for structural formulae). We also tested glycerol ethoxylate-*co*-propoxylate triol because of its molecular configuration. Furthermore, we tested glucose, mannitol, sorbitol, and sucrose because in the process of reagent selection, xylitol was found to be a potent single-cell-inducing reagent. Two weak detergents, Tween 20 and dimethyl sulfoxide were also tested. For reagents with sufficient solubility, we prepared a 3.43 M solution of each reagent (corresponding to a 25 % v/v concentration of glycerol) by dissolving them in Chu 13 medium. When the solubility of the reagent was below 3.43 M, we prepared a saturated solution. Because acetone and *n*-hexane are often used as solvents to extract botryococcene, these reagents were also tested.

As many as ten reagents showed potency (Table [1](#Tab1){ref-type="table"}, Online Resource 3) for releasing Showa single cells (B-race). However, the ten potent reagents did not share any apparent chemical similarities.

Characteristics of released single cells {#Sec12}
----------------------------------------

Through Fluorescent Brightener 28 staining, we confirmed the presence of a cell wall around single cells (data from Showa is shown in Fig. [2a and b](#Fig2){ref-type="fig"}). Except for the cap-like structures on the broad ends of single cells (see below), no Nile red fluorescence was observed around the cell wall of these single cells (Fig. [2c](#Fig2){ref-type="fig"}). Moreover, even after treatment with glycerol, the hydrocarbon content of the matrix was not apparently reduced (Online Resource 4). This suggests that glycerol is not an efficient solvent for the hydrocarbon oils located in the B-race matrix.Fig. 2Characteristics of Showa single cells released by glycerol treatment. **a** Normal view of Showa single cells. **b** Showa single cells stained with Fluorescent Brightener 28. The same targets shown in **a** were observed by switching the filter set. **c** Showa single cells stained by Nile red. The same targets shown in **a** were observed by switching the filter set

Immediate observation of the chemically released Showa single cells showed that they possessed cap-like structures on their broad ends (Fig. [2c](#Fig2){ref-type="fig"}). The cap-like structures were highly morphologically similar to the previously reported "shell" structure (Weiss et al. [@CR27]) that was abundantly accumulated in the old culture medium of Showa. Therefore, the shell structure was assumed to be the excised segment of the retaining wall and its fibril sheath, which is the outermost barrier that prevents the dispersion of the secreted oils from the matrix.

Our histochemical tests of the shells collected from the old Showa culture medium revealed that they were not stained by Nile red or Brightener 28 (Online Resource 5), as reported by Weiss et al. ([@CR27]). However, the cap-like structures appeared by glycerol treatment were strongly stained by Nile red but not Brightener 28 (Fig. [2b and c](#Fig2){ref-type="fig"}). This result was also observed for another B-race variety, Sanshiro-5. With the exception of the difference in Nile red staining, the shape of the cap-like structure located at the top of the released single cell was exactly the same as that of the "shell" accumulated in the culture medium (Online Resource 5A).

In contrast to the aforementioned observation, in the case of Yamanaka (A-race), the cap-like structures appeared to precede the release of single cells by glycerol treatment from the surface of the retaining wall. Subsequently, the cap-like structures and the single cells were separately slowly released into the medium. We collected the shell-like structures from the old culture medium of Yamanaka and B-race varieties. They were not stained by Nile red or Brightener 28, similar to Showa and Sanshiro-5.

In stark contrast to the above three cases, no single cells or shell-like structures of UTEX572 were released at all by chemical treatments; therefore, we could not obtain any shell-like structures by centrifugation of the old culture medium of UTEX572.

Viability of prepared single cells {#Sec13}
----------------------------------

We first tested the growth of Showa single cells (B-race) on a PFE membrane filter placed on a 0.8 % agar Chu 13 medium plate. Unexpectedly, greenish single cells on the membrane changed to white in 2 days, and after 2 months no single cell had formed a colony. However, colonial cells grew well on the filter (data not shown). Considering the above results, we undertook detailed experiments to discover conditions suited for the survival of Showa single cells.

We analyzed the effect of cell concentration on the vitality of single cells. Showa single cells (B-race) prepared using the glycerol treatment were incubated at several different concentrations: approximately 0.6 × 10^6^, 1.5 × 10^6^, 3 × 10^6^, and 2 × 10^7^ cells/ml in Chu 13 medium and kept under continuous light without shaking. We counted the number of chlorophyll-containing single cells on day 6. Table [3](#Tab3){ref-type="table"} shows that when they were maintained at a concentration higher than 2 × 10^7^ cells/ml in Chu 13 without any additions, approximately 70 % Showa single cells contained chlorophyll on day 6. In contrast, when maintained at a concentration lower than approximately 2 × 10^6^ cells/ml, almost all single cells were disrupted or lost their chlorophyll by day 6 (Table [3](#Tab3){ref-type="table"}). Thus, a high cell concentration seems to have a critical effect on the viability of single cells: Showa single cells (B-race) maintained at high concentration (\>2 × 10^7^ cells/ml) were gathered together to form aggregates (Fig. [3a](#Fig3){ref-type="fig"}), while the size of the aggregates were much smaller and looser for those kept at low concentration (0.5--3.8 × 10^6^ cells/ml) (Fig. [3b](#Fig3){ref-type="fig"}). The same phenomenon was observed for Sahshiro-5 (B-race) (data not shown).Table 3Chlorophyll containing single cell ratio in various conditionsNumber of single cellsCondition MediumSorbitolGlycerolXylitolNaCl0 %50 %100 %0.1 M0.2 M0.4 M0.8 M0.1 M0.2 M0.4 M0.8 M0.1 M0.2 M0.4 M0.8 M0.1 M0.2 M0.4 M0.8 M(Exp. 1) × 10^7^2.052.302.141.982.152.162.112.011.942.012.091.932.151.982.081.862.202.122.19CC1.481.561.791.641.591.641.351.381.531.631.731.621.481.701.641.321.520.420CCR72 %68 %84 %83 %74 %76 %64 %69 %79 %81 %83 %84 %69 %86 %79 %71 %69 %20 %0 %(Exp. 2) × 10^7^2.052.351.892.112.012.081.911.961.962.021.931.982.141.681.901.691.991.791.88CC1.292.001.331.781.681.821.621.441.301.711.541.641.921.491.570.991.3500CCR63 %85 %70 %84 %84 %88 %85 %73 %66 %85 %80 %83 %90 %89 %83 %59 %68 %0 %0 %(Exp. 3) × 10^7^2.482.351.941.891.951.981.892.161.601.961.921.931.661.921.821.642.001.741.73CC1.891.761.701.561.821.481.781.641.451.681.521.841.591.671.741.110.9400CCR76 %75 %88 %83 %93 %75 %94 %76 %91 %86 %79 %95 %96 %87 %96 %68 %47 %0 %0 %(Exp. 4) × 10^6^0.690.640.540.520.610.670.520.640.620.620.700.730.590.630.500.510.510.510.49CC000.0050.080.090.130.080.0100.00600.040.080.130.070000CCR0 %0\<1 %15 %14 %20 %15 %2 %0 %1 %0 %6 %14 %20 %15 %0 %0 %0 %0 %(Exp. 5) × 10^6^1.541.511.551.541.531.501.591.511.531.581.501.511.561.571.501.511.541.531.50CC0000.190.240.200.0400000.030.050.080.010000CCR0 %0 %0 %12 %16 %13 %3 %0 %0 %0 %0 %2 %3 %5 %1 %0 %0 %0 %0 %(Exp. 6) × 10^6^2.563.443.723.443.642.803.842.403.483.083.602.883.043.643.043.203.123.243.72CC0.060.040.160.560.750.820.390.190.220.40.140.510.440.740.570.03000CCR2 %1 %4 %16 %21 %29 %10 %8 %6 %13 %4 %18 %14 %20 %19 %1 %0 %0 %0 %*CC* number of single cells that contain chlorophyll on day 6, *CCR* chlorophyll containing ratio on day 6Fig. 3Aggregates of single cells. **a** Aggregates of Showa single cells in Chu 13 medium at high cell concentration. Day 3 image of aggregates after the start of incubation of single cells. **b** Aggregates of Showa single cells in Chu 13 medium at low cell concentration. Day 3 image of aggregates after the start of incubation of single cells

Moreover, we tested the effect of various additives to Chu 13 medium on Showa single cells. Considering that osmotic pressure might be one of the factors affecting the survival rate of single cells (0.6 M mannitol is isotonic to the cytoplasm; Okada et al., unpublished data), various concentrations of glycerol, xylitol, sorbitol, and sodium chloride (NaCl), which are typically used in osmotic pressure adjustment, were selected for this study.

Addition of sorbitol or xylitol to low concentrations of cells (0.5--3.8 × 10^6^ cells/ml) distinctly improved the ratio of chlorophyll-containing cells, to a maximum of 30 % (Table [3](#Tab3){ref-type="table"}), whereas the effect was more limited when the reagents were added to highly concentrated cell cultures. Addition of sorbitol enhanced cell aggregation, notably for low-concentration cell cultures, while the effect of xylitol was much weaker (data not shown). In contrast, xylitol and NaCl did not show such an effect nor induce aggregation of single cells grown at low cell concentration. The potential to induce aggregation seems to be related to the potential to increase viability of single cells.

In contrast to the results obtained for B-race varieties, Yamanaka (A-race) single cells prepared by glycerol treatment showed a high survival ratio. More than 60 % of single cells contained chlorophyll on day 6, regardless of whether they were maintained at high or low cell concentration (approximately 1 × 10^6^ cells/ml) in Chu 13 medium without any additions.

The survival of single cells was also observed for the other A-race variety, UTEX572. None of the reagents tested were useful for releasing single cells of UTEX 572. However, single cells were easily generated by vortexing with glass beads (0.5 mm diameter). Such mechanically generated single cells of UTEX 572, maintained at low concentration (approximately 1 × 10^6^ cells/ml), also showed a high survival ratio, similar to that observed in chemically isolated Yamanaka (A-race) single cells. Such mechanically prepared single cells were used to evaluate the harmful effect of glycerol treatment as described below.

We treated the mechanically prepared UTEX 572 single cells with 3.43 M glycerol for 30 min to evaluate the influence of the chemical treatment. Even with such chemical treatment, the survival ratio of the UTEX 572 single cells on day 6 was not apparently different from the non-treated ones (data not shown). This shows that the rapid loss of chlorophyll observed in B-race single cells, which had been released by glycerol treatment, is not due to the harmful effects of the reagent.

Discussion {#Sec14}
==========

The main hydrocarbons produced by A-race *B*. *braunii* are alkadienes and alkatrienes (Templier et al. [@CR22], [@CR23]; Metzger et al. [@CR9], [@CR11]), while that of B-race *B*. *braunii* is a triterpene known as botryococcene (Metzger et al. [@CR10], [@CR12], [@CR13]). Nile red is an extremely useful fluorescent lipophilic dye for staining botryococcene, alkadienes, alkatrienes, and other lipids (Weiss et al. [@CR25]).

Showa and Sanshiro-5, which are varieties of the B-race, secrete large amounts of botryococcene (Online Resource 6A, B) and their single colonies are embedded in an extracellular matrix composed of polymerized and liquid hydrocarbons (Blackburn [@CR2]). Yamanaka (A-race) also secretes a substantial amount of oils into the colony matrix (Online Resource 6C). However, UTEX 572 cells (A-race) secrete no or at most very limited amounts of oils (Online Resource 6D). Cultures of UTEX 572 (A-race) and Yamanaka (A-race) contain a low ratio of naturally generated single cells, while no such single cells were observed in Showa (B-race) and Sanshiro-5 (B-race). This implies A-race single cells inherently have the ability to survive without forming colonies.

Because it is known that glycerol is a potent releaser of single cells (Ikehara et al. [@CR6]), we assessed 18 reagents, including glycerol, in this study. Among those tested, ten reagents (including acetone and *n*-hexane) demonstrated the potential to release Showa single cells (Table [1](#Tab1){ref-type="table"}). However, we were unable to identify any common chemical characteristics that were shared by these potent reagents. Most of the potent reagents useful for Showa were also useful for Yamanaka, which produced alkadienes, but not botryococcene, as the major hydrocarbon products. Thus, these findings suggest that single cell release was probably not due to organic chemical reactions between the added reagents and the hydrocarbon oils.

Microscopic observation of the single cell release process suggested that they were mechanically forced out of the extracellular matrix (Online Resource 1). The mode of action of release was apparently the same, regardless of differences in reagents and varieties. We suspect that the mechanical force may be a hydraulic pressure that was generated by the increased volume of the extracellular matrix, which was caused by the dissolution of chemical reagents into the matrix hydrocarbons. It is possible that the volume of the extracellular matrix was increased due to the resolved chemical reagents in the matrix hydrocarbon oils. We hypothesize that the hydraulic force caused by the aforementioned mechanism must push the extracellular matrix hydrocarbon oils into the retaining wall and also the embedded cells to outside of the matrix, thereby leading to the breakdown of the retaining wall. This model is illustrated in Fig. [4](#Fig4){ref-type="fig"}.Fig. 4Single cell release model. Single cell release model of Showa by chemical reagent treatment. The hydraulic pressure caused by the dissolution of chemical reagents pushes the hydrocarbon oils into the retaining wall, which pushes the cells out of the matrix. *Red* and *blue circles* indicate hydrocarbon oils and chemical reagents, respectively

It is likely that the naturally accumulated shells in the old culture medium are generated via the enlargement of colonies and their separation into subcolonies. In such cases, the fragmentation of the retaining wall probably occurs very slowly and without the accompanying strong hydraulic pressure that pushes the matrix hydrocarbon oils into the retaining wall. This might be the reason why the naturally accumulated shells contained no hydrocarbon oils, whereas the chemically induced shells of the B-race varieties did.

Because they were different from Showa, the cap-like structures of Yamanaka were not stained by Nile red (Online Resource 7). We speculated that in the case of Yamanaka, the retaining wall might break very easily without the need for the hydrocarbon oils being pushed into the matrix. This might be the reason why the cap-like structures of Yamanaka were not stained by Nile red. In support of this hypothesis, the appearance of the cap-like structure of Yamanaka preceded the single cell release (Online Resource 7A). Unexpectedly, we found no shell-like structures in the old culture medium of UTEX 572 (data not shown). This might simply be due to the fact that UTEX 572 lacks a retaining wall because it secretes no hydrocarbon oils. This might be the related to the finding that no chemical reagent was potent enough to release the single cells of UTEX572.

The observed phenomenon that exponentially growing colonies release significantly larger number of single cells than stationary colonies seems to be related to the release mechanism. It is possible that the retaining wall, which must be broken through cell release, is much thicker in stationary colonies than in colonies in the exponential growth phase. The thicker retaining wall may effectively reduce the number of single cells released from stationary phase colonies. This easily explains why the single cell release ratio was consistently higher in exponentially growing colonies.

Putative substance essential for vital B-race single cells {#Sec15}
----------------------------------------------------------

It is unclear why single cells of B-race *B*. *braunii* maintained at a low concentration easily lose their viability and die in a short amount of time. Additions to the medium that induce aggregation of single cells showed positive effects on the survival ratio (Table [3](#Tab3){ref-type="table"}). The death of these single cells may be triggered by a decrease in the concentration of some hormone-like substance located in the oily extracellular matrix. This implies that formation of aggregates may prevent the diffusion of a hormone-like substance secreted from single cells.

A similar phenomenon has been reported in the isolated protoplasts of land plants. A high concentration is also essential for the survival of these protoplasts (Power et al. [@CR19]). In tobacco, the protoplast concentration must be \>5 × 10^3^ cells/ml for survival; at lower concentrations, the protoplasts fail to divide (Evans and Cocking [@CR4]). This implies that land plants and *B*. *braunii* B-race cells share a common mechanism or similar substance.

Considering that colonies of Showa contain typical land plant hormones (analyzed concentration of them in Showa are shown below), such as abscisic acid (1 ppm), cytokinin (1 ppm), gibberellin (5 ppm), and jasmonic acid (3 ppm) (Ohama et al. unpublished results), we attempted to culture single cells at low concentrations (4 × 10^6^ cells/ml) in medium containing these four land plant hormones at the aforementioned concentrations. However, these land plant hormones did not enhance the survival ratio of Showa single cells, nor did they induce formation of solid aggregates (data not shown). This implies the putative substance that is essential for survival of single cells may be different from these land plant hormones or another specific concentration of them is essential. Related to the above, Ikehata et al. ([@CR6]) published a brief report indicating that "conditioned culture medium," which is used culture medium prepared by removing colonies by centrifugation, enhanced the viability of single cells kept in a small vial. This also supports the existence of hormone-like substances.

Another possibility is that loss of the hydrocarbon oils surrounding the cell surface in the matrix causes cell mortality. To test this postulate, we added several drops of prepared crude Showa hydrocarbon oils to the single cells held on a membrane filters; however, this treatment had no positive effect on the survival of single cells on the membrane (data not shown). This implies that loss of the surrounding hydrocarbons is not the direct cause of cell mortality, or that the effective substance was lost during the preparation of the crude hydrocarbon oils. Therefore, the characteristics of the substance essential for the survival of Showa single cells remain unknown.

Judging from the 4′,6-diamidine-2-phenylindole dihydrochloride (DAPI) stained observations, cultures of Showa and UTEX 572 were axenic, while those of Sanshiro-5 and Yamanaka were contaminated with bacteria. Therefore, the effects of existing bacteria on our results are unclear.

A molecular phylogenetic study of *B*. *braunii* showed that the three chemical races share a common ancestor (Senousy et al. [@CR21]; Weiss et al. [@CR26]). Therefore, most of the observed differences in physiological characteristics among varieties must be the result of independent evolution after their divergence.
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###### 

Movie showing the steps of single cell release of the Showa strain by glycerol treatment. (MPG 2370 kb)
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Release of single cells by treatment with chemical reagents. (A) Release of single cells from Yamanaka (A-race). L: Glyceryl guaiacolate-treated colonies. R: Erythritol-treated colonies. (B) Release of single cells from Sanshiro-5 (B-race). (1) Glyceryl guaiacolate-treated colonies. (2) Erythritol-treated colonies. (3) Sorbitol-treated colonies. (4) Xylitol-treated colonies. (PPTX 8200 kb)
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Supplementary table of used chemical reagents and their molecular formula. (DOC 117 kb)
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Amount of hydrocarbon oils remaining in the extracellular matrix after glycerol treatment to release single cells. (A) Showa colonies stained with Nile red. L: control colonies of Showa. R: glycerol-treated colonies of Showa. (B) Yamanaka colonies stained with Nile red. L: control colonies of Yamanaka. R: glycerol-treated colonies of Yamanaka. (PPTX 12701 kb)
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Histochemical tests of the shells collected from the old Showa culture medium. (A) Showa shells collected from old medium. (B) Showa shells stained with Fluorescent Brightener 28. (C) Showa shells stained with Nile red. (PPTX 2287 kb)
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Colonies stained with Nile red. (A) Showa (B-race) strain stained with Nile red. L: normal observation. R: Fluorescence observation. (B) Sanshiro-5 (B-race) strain stained with Nile red. L: normal observation. R: fluorescence observation. (C) Yamanaka (A-race) strain stained with Nile red. L: normal observation. R: fluorescence observation. (D) UTEX572 (A-race) strain stained with Nile red. L: normal observation. R: fluorescence observation. (PPTX 19059 kb)
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Release of single cells and the breakdown of the retaining wall in Yamanaka (A-race). (A) Breakdown of retaining wall before single cell release. This image was taken immediately after glycerol treatment. L: normal observation; R: fluorescence observation. *Arrow* shows the cap-like structures. L: normal observation. R: fluorescence observation. (B) Released single cells and cap-like structures. This image was taken 8 min after glycerol treatment. L: normal observation; R: fluorescence observation. *Arrow* shows the cap-like structures. (PPTX 5192 kb)
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